INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is a neurodegenerative disease responsible for the major cases of dementia in the elderly \[[@ref001]\]. It is believed that the disease is caused by the accumulation of amyloid-β proteins (Aβ) on the surface of neurons due to a misbalance between its production and clearance. Aβ protein is formed by 42 amino acids capable of aggregating themselves and, their buildup provokes toxic effects that lead to the formation of senile plaques, oxidative damage and hyperphosphorylation of the tau protein \[[@ref003]\]. These alterations result in neuronal death, leading to progressive memory, judgment, cognition, language, and time-space orientation declines \[[@ref004]\]. The current indicated treatment for AD are anticholinesterases drugs (e.g., rivastigmine) that are able to lessen disease progression; however, until the present moment, there is not a proven and safe cure for AD \[[@ref008]\].

Considering the toxic effect of the Aβ protein, scientists have been looking for strategies to destroy these plaques as a therapeutic target of AD. For the past years, the immunization of patients with AD has been considered \[[@ref009]\]. The first immunotherapy strategy had the goal of using an anti-Aβ vaccine to eliminate Aβ. However, the treatment was interrupted during the clinical phase due to the develop of meningoencephalitis by some patients \[[@ref011]\], suggesting that the vaccine, along with the T *helper* (Th) type 1 adjuvant, might have induced a Th1 cellular response against Aβ \[[@ref012]\]. An alternative found was the use of peptide vaccines, although they also presented risks of meningoencephalitis and microhemorrhages, since they also need adjuvants to be efficient \[[@ref013]\]. A new gene therapy has been analyzed in animal models using a DNA vaccine which has a simpler production technology, higher stability and does not need adjuvants to be effective \[[@ref015]\].

DNA vaccines (i.e., genetic vaccines) are considered third generation vaccines; they have the genetic information to express proteins that will stimulate an immune response against a specific target. The interest gene target (Aβ) is inserted into an expression vector and cloned, the formed complex is inoculated in the host, whose cells will then internalize the gene and express the interest protein, inducing the activation of an immune response \[[@ref017]\]. Until 2014, 25 clinical studies were been carried out using DNA vaccines (e.g., Human Immunodeficiency Virus) and four were been commercialized for veterinary use \[[@ref018]\].

Prior to population gaining access to immunobiological therapies, tests in animals (non-clinical phase) are needed to prove their efficacy, protection and safety \[[@ref019]\]. In animals, cellular and humoral immune responses are induced by DNA vaccination and are mainly characterized by the production of IgG1 antibodies and T *helper* 2 cells (Th2) \[[@ref009]\]. For this reason, researchers have investigated the effects of a variety of DNA vaccines for AD, a lot of these studies are still in the animal (e.g., mouse, rabbits, monkeys) experimentation phase and their results have been promising \[[@ref009]\]. Thus, this study is a systematic revision of literature on the efficacy, safety and other effects of the DNA immunization on AD in animal models.

MATERIALS AND METHODS {#sec0010}
=====================

Research Strategies {#sec0015}
-------------------

To develop the systematic review the PRISMA method was used \[[@ref022]\]. The article search was made in the electronic databases PubMed (U.S. National Library of Medicine), LILACS, and Scopus, using the combination of the descriptors ''Alzheimer disease" and ''Vaccines, DNA" on the Medical Subject Headings (MeSH) or in the form of Health Science (DeCS, LILACS) descriptors. The non-found descriptors in the specific databases were searched in word forms: Alzheimer's disease, animal models, and DNA vaccine. In this step, the researchers, independently, went through the databases in order to identify the descriptors that best identify the highest number of publications. After many simulations, the authors gathered and, by consensus, defined the adequate descriptors for this review.

Inclusion and Exclusion Criteria {#sec0020}
--------------------------------

Were included original articles published in the past 16 years during 01/01/2001 and 09/01/2017. The selected articles were published in Spanish, Portuguese, or English, and had available abstracts. Were excluded review articles, commentaries, editorials, errata publications, interviews, guidelines, and human studies.

Quality Evaluation of the Articles {#sec0025}
----------------------------------

Independently, three researchers belonging to Group I (YAM, CJT, PA) searched the article's abstracts for a qualitative synthesis. The selection of potential publications was made through the reading of titles and abstracts, and the ones that did not follow the selection criteria were excluded. The articles chosen, by consensus among authors, were randomly divided for data extraction.

Data Extraction {#sec0030}
---------------

The data extraction was made by structuring the relevant information from the articles in the form of tables. The analysis of each article was based on author/year/country, objective, animal model (species, gender, age), number of animals, groups, DNA vaccine (type, dosage), administration route, statistical analysis, parameters analyzed, results, bias, and conclusion.

From the selected articles, Group I extracted the data and made tables. They checked the data in three steps. The first consisted in randomly distributing the publications among the judges that promoted the first corrections. In the second one, a judge confirmed the information, previously trusted to the other, in a way that each article and data extraction were reviewed again. The third step was comprised by the correction of the judges in pairs.

RESULTS AND DISCUSSION {#sec0035}
======================

The research of articles relating to the use of a DNA vaccine for AD in animal models on the databases resulted in 124 studies that, after applying the exclusion criteria, resulted in 105 potential papers of which, only 28 were selected for this review ([Fig. 1](#adr-1-adr170025-g001){ref-type="fig"}).

![PRISMA flowchart with selection criteria of included articles in the systematic review of DNA immunotherapy in Alzheimer's disease in animal models.](adr-1-adr170025-g001){#adr-1-adr170025-g001}

Most studies were based on the use of the Aβ protein for the development of the DNA vaccine, some in the absence of adjuvants ([Table 1](#adr-1-adr170025-t001){ref-type="table"}) \[[@ref009]\], others used adjuvants in an attempt to amplify the vaccine's efficacy ([Table 2](#adr-1-adr170025-t002){ref-type="table"}) \[[@ref036]\], others compared DNA and protein vaccines ([Table 2](#adr-1-adr170025-t002){ref-type="table"}) \[[@ref043]\] and some evaluated protein \[[@ref044]\], adenovirus \[[@ref047]\] and antibodies \[[@ref048]\] boost regimens expecting to improve the immune response induced by the DNA vaccines ([Table 2](#adr-1-adr170025-t002){ref-type="table"}).

###### 

General characteristics of DNA vaccine studies without adjuvants for Alzheimer's disease

  Reference; country
  -------------------------------------------------
  Davtyan et al., \[[@ref035]\]; USA
  Evans et al., \[[@ref021]\]; USA
  Ghochikyan et al., \[[@ref009]\]; USA
  Hara et al., \[[@ref023]\]; Japan
  Kima et al., \[[@ref047]\]; USA
  Lambracht-Washington et al., \[[@ref033]\]; USA
  Lambracht-Washington et al., \[[@ref034]\]; USA
  Matsumoto et al., \[[@ref025]\]; Japan
  Mouri et al., \[[@ref026]\]; Japan
  Okura et al., \[[@ref027]\]; Japan
  Okura et al., \[[@ref028]\]; Japan
  Olkhanud et al., \[[@ref029]\]; USA
  Qu et al., \[[@ref030]\]; USA
  Qu et al., \[[@ref032]\]; USA
  Qu et al., \[[@ref031]\]; USA

AD, Alzheimer's disease; w, weeks; m, months; y, years; Ig, immunoglobulin; SeV, Sendai virus; F, female; M, male; NR, not reported.

###### 

General characteristics of DNA vaccine studies with adjuvants for Alzheimer's disease

  Reference; country
  --------------------------------------------------------
  Davtyan et al., \[[@ref045]\]; USA
  Davtyan et al., \[[@ref036]\]; USA
  Guo et al., \[[@ref042]\]; China
  Kim et al., \[[@ref024]\]; USA
  Kou et al., \[[@ref037]\]; USA
  Lambracht-Washington et al. \[[@ref043]\]; USA
  Lambracht-Washington et al., \[[@ref046]\]; USA
  Lambracht-Washington and Rosenberg, \[[@ref048]\]; USA
  Movsesyana et al., \[[@ref038]\]; USA
  Movsesyana et al., \[[@ref039]\]; USA
  Movsesyana et al., \[[@ref040]\]; USA
  Schultz et al., \[[@ref044]\]; Switzerland
  Xing et al., \[[@ref041]\], China

w, weeks; m, months; y, years; LT-IS, immunostimulatory patches with *Escherichia coli* thermolabile enterotoxin; F, female; M, male.

Most articles were published in the United States (*n* = 17) \[[@ref009]\], followed by Japan (*n* = 5) \[[@ref023]\], China (*n* = 2) \[[@ref041]\], and Switzerland (*n* = 1) \[[@ref044]\] ([Tables 1](#adr-1-adr170025-t001){ref-type="table"} and [2](#adr-1-adr170025-t002){ref-type="table"}). Only two, of the 28 studies, did not present statistical analysis to validate its results ([Table 1](#adr-1-adr170025-t001){ref-type="table"}) \[[@ref024]\]. To better understand the obtained results this systematic review was divided into four sections: DNA vaccines without adjuvants, DNA vaccines with adjuvants, a comparison between DNA and protein vaccines, and DNA vaccines followed by a booster.

DNA Vaccines {#sec0040}
------------

10 DNA vaccines were tested in different animal models, they were: AV-1955 (3Aβ11-PADRE-Thep) \[[@ref009]\], YM3711 (IgL-Aβx4-Fc-IL-4) \[[@ref025]\], AdPEDI-(Aβ1-6)11 \[[@ref024]\], rSev-Aβ \[[@ref026]\], AVV-Aβ \[[@ref023]\], Aβ-CoreS \[[@ref029]\], K-Aβ \[[@ref027]\], IgL-Aβ \[[@ref027]\], Aβ-Fc \[[@ref027]\], Aβ42 \[[@ref030]\], and AV-1980D \[[@ref035]\] ([Table 1](#adr-1-adr170025-t001){ref-type="table"}). The animals used for the efficacy and safety study of these vaccines were: monkeys (*Rhesus* and *Cynomolgus* \[[@ref025]\]), *New Zealand* rabbits \[[@ref009]\], and different species of mouse, wild type and transgenics (B6C3-Tg \[[@ref025]\], 3xTg-AD \[[@ref029]\], BALB/c \[[@ref029]\], C57BL/6 \[[@ref024]\], Tg2576 \[[@ref023]\], TgAPP23 \[[@ref027]\], Non-Tg \[[@ref026]\], APPswe/PSEN1 \[[@ref030]\], Mo/HuAPPswe PS1dE9 \[[@ref024]\], APPswe/PS1dEA \[[@ref032]\], and THY-Tau22 \[[@ref035]\] ([Table 1](#adr-1-adr170025-t001){ref-type="table"}).

### AV-1955 Vaccine {#sec0045}

Evans et al. \[[@ref021]\] verified the efficacy of the AV-1955 vaccine (3Aβ11-PADRE-Thep - Aβ11 gene inserted into pET11d-myc6His-Tag plasmid) in male *Rhesus* monkeys (*n* = 13; eight months to three years old) ([Table 1](#adr-1-adr170025-t001){ref-type="table"}). The animals were separated into three groups: group 1 (*n* = 5) received intramuscular injections by electroporation from the vaccine (0.4 mg); group 2 (*n* = 5) received 4 mg; and group 3 received 2 mg of a control vector ([Table 3](#adr-1-adr170025-t003){ref-type="table"}). This vaccine induced the production of long-lasting and powerful antibodies without side effects, indicating that AV-1955 can be a candidate to initiate clinical trials \[[@ref021]\] ([Table 5](#adr-1-adr170025-t005){ref-type="table"}).

###### 

Treatment characteristics (dose and administration route) and analyzed parameters to verify efficacy and safety of DNA vaccines for Alzheimer's disease in animal models

  Reference
  --------------------------------------------
  Davtyan et al., \[[@ref035]\]
  Evans et al., \[[@ref021]\]
  Ghochikyan et al., \[[@ref009]\]
  Hara et al., \[[@ref023]\]
  Kima et al., \[[@ref047]\]
  Lambracht-Washington et al., \[[@ref033]\]
  Lambracht-Washington et al., \[[@ref034]\]
  Matsumoto et al., \[[@ref025]\]
  Mouri et al., 2007 \[[@ref026]\]
  Okura et al., \[[@ref027]\]
  Okura et al., \[[@ref028]\]
  Olkhanud et al., \[[@ref029]\]
  Qu et al., \[[@ref030]\]
  Qu et al., \[[@ref032]\]
  Qu et al., \[[@ref031]\]

IM, intramuscular; IP, intraperitonial; im, immunizations; SC, subcutaneous; EP, electroporation; ID, intradermal; TNF, tumor necrosis factor.

###### 

Treatment characteristics (dose and administration route) and analyzed parameters to verify efficacy and safety of DNA vaccines with adjuvants for Alzheimer's disease in animal models

  Reference
  ---------------------------------------------------
  Davtyan et al., \[[@ref045]\]
  Davtyan et al., \[[@ref036]\]
  Guo et al., \[[@ref042]\]
  Kim et al., \[[@ref024]\].
  Kou et al., \[[@ref037]\]
  Lambracht-Washington et al., \[[@ref043]\]
  Lambracht-Washington et al., \[[@ref046]\]
  Lambracht-Washington and Rosenberg, \[[@ref048]\]
  Movsesyana et al., \[[@ref038]\]
  Movsesyana et al., \[[@ref039]\]
  Movsesyana et al., \[[@ref040]\]
  Schultz et al., \[[@ref044]\]
  Xing et al., \[[@ref041]\]

IM, intramuscular; SC, subcutaneous; ID, intradermic; IP, intraperitoneal; im, immunizations.

###### 

Results, bias, and conclusion of DNA vaccine studies for Alzheimer's disease in animal models

  Reference
  --------------------------------------------
  Davtyan et al., \[[@ref035]\]
  Evans et al., \[[@ref021]\]
  Ghochikyan et al., \[[@ref009]\]
  Hara et al., \[[@ref023]\]
  Kima et al., \[[@ref047]\]
  Lambracht-Washington et al., \[[@ref033]\]
  Lambracht-Washington et al., \[[@ref034]\]
  Matsumoto et al., \[[@ref025]\]
  Mouri et al., \[[@ref026]\]
  Okura et al., \[[@ref027]\]
  Okura et al., \[[@ref028]\]
  Olkhanud et al., \[[@ref029]\]
  Qu et al., \[[@ref030]\]
  Qu et al., \[[@ref032]\]
  Qu et al., \[[@ref031]\]

AD, Alzheimer's disease; Th, T helper lymphocyte.

In opposition to protein vaccines, DNA vaccines must be inserted into the cell and cross the cytoplasm and nuclear membranes, in order to be effective and induce antigen expression, for that new technologies such as gene gun and electroporation (EP) have been explored. Gene gun uses a bombarding DNA/gold particles technique into the skin surface, allowing DNA molecules to be captured and expressed by dendritic cells (DC) for antigen processing and presentation, being capable to induce strong specific immune responses even with low doses of DNA \[[@ref049]\]. Thereafter came the development of the electroporation that showed greater effectiveness in muscle cells when compared to gene gun \[[@ref050]\]. Intramuscular EP increased muscle cell permeability, allowing the insertion of the DNA molecule inside the cell and subsequent protein expression \[[@ref051]\]. Moreover, increased distribution and capture of DNA molecules at the injection site, and the use of electric pulses afterward attracted immune cells (e.g., dendritic cells). Thus, EP increased the magnitude and duration of an antigen-specific immune response \[[@ref052]\].

Ghochikyan et al. \[[@ref009]\] used a modified version of the AV-1955, in which the N-terminal free region of the Aβ~11~ gene was conjugated with an aspartic acid; the plasmid used was pVAXI. The tests were carried out in white female *New Zealand* rabbits; each animal received 0.5 mL of the DNA vaccine (pN-3Aβ11-PADRE-Thep) by electroporation in four doses ([Table 3](#adr-1-adr170025-t003){ref-type="table"}). This vaccine induced the production of antibodies capable of recognizing all forms of the Aβ peptide, binding with amyloid plaques in the brain and inhibiting the neurotoxicity mediate by Aβ oligomerization and fibrillation \[[@ref009]\]. These results suggest that this vaccine represent an effective therapy for AD, but other studies must be made, since its safety was not evaluated due to the lack of laboratorial methods to detect immune cellular response in rabbits. Yet, authors believe that this vaccine will not induce an immune auto reactive response in humans, but clinical trials have yet to be carried out \[[@ref009]\] ([Table 5](#adr-1-adr170025-t005){ref-type="table"}).

The N-terminal region of Aβ has been a target for AD treatments; however, using antibodies against this region may be harmful since it can shift non-toxic Aβ fibrils to soluble Aβ oligomers with high neurotoxicity which could induce or exacerbate the disease \[[@ref053]\]. Healthy people have antibodies anti-Aβ oligomers, showing their importance in AD's natural protection, and do not have anti-N terminal region antibodies \[[@ref054]\].

Davtyan et al. \[[@ref055]\] compared AV-1955 with a modified version of it (AV-1959) in *Rhesus* monkeys. In order to generate a higher immunogenicity, new T cell epitopes were added to the vaccine structure. In spite of both not stimulating autoreactive T cells, activating a variety of specific T cells and inducing the production of anti-Aβ antibodies, the new vaccine presented itself as a better therapeutical candidate. It generated stronger humoral and cellular immune responses and was able to activate naïve T cell e memory cells, something beneficial to overcome immune alterations that happen with aging \[[@ref055]\].

### YM3711 vaccine {#sec0050}

Matsumoto et al. \[[@ref025]\] tested the DNA vaccine YM3711 in different animal species. The vaccine was constructed from the combination of four tandem repeats of the Aβ~1 - 42~ gene with the genes for the constant portion of the immunoglobulin (Fc) and interleukin 4 (IL-4) (IgL-Aβx4-Fc-IL-4). B6C3-Tg mouse from 13 to 15 weeks (*n* = 9), *New Zealand* white rabbits (*n* = 6), and *Cynomolgus* monkeys (*n* = 4) from three to five years old ([Table 1](#adr-1-adr170025-t001){ref-type="table"}) were given the vaccine intramuscularly in the dosages 100μg, 1 mg, and 4 mg, respectively ([Table 3](#adr-1-adr170025-t003){ref-type="table"}) \[[@ref025]\]. YM3111 induced the production of antibodies against diverse Aβ species and other amyloid peptides in all the animals, and generated a significative reduction of these molecules in mouse brains; showing that this vaccine should be further studied ([Table 5](#adr-1-adr170025-t005){ref-type="table"}) \[[@ref025]\]. Until the present moment, no other publications were found in this DNA vaccine.

IL-4 is an anti-inflammatory cytokine produced by Th2 cells, being the greatest inducer of macrophages from the M2a phenotype immune response \[[@ref056]\]. This response has indicated attenuations and improvements on the neurotoxicity of Aβ burden on the brain \[[@ref057]\]. Latta et al. \[[@ref058]\] studied the expression of IL-4 in mouse after injection with the AAV adenovirus, and their results have shown a M2a phenotype induction with increased activation of microglia and astrocytes and slight reduction of Aβ. Suggesting a controversy, because the presence of these cells tend to represent a pro-inflammatory response and they present themselves significantly higher in M2a presence, an anti-inflammatory macrophage phenotype \[[@ref058]\].

Moreover, this cytokine has also been used as a base treatment for AD with the goal of reverting certain pathological aspects of the disease and generating a neuroprotective effect on animal models \[[@ref059]\]. However, Li et al. \[[@ref060]\] and Soosnabadi et al. \[[@ref061]\] found that single nucleotide polymorphism (SNP) in the IL-4 gene can contribute to AD susceptibility. In the Chinese population, the --590C/T and --1098T/G SNPs were associated with AD \[[@ref060]\]; in addition, --590C carriers may have diminish IL-4 levels in early stages of cerebral lesions, reducing its anti-inflammatory effects, and consequently facilitating new lesions that could possibly have increased AD susceptibility \[[@ref060]\]. --590C/T SNP has also been associated with the development of late-onset AD in Iran, showing that this allele (IL-4 --590C/T) can be applied as an AD marker in the population \[[@ref061]\].

### AdPEDI-(Aβ1-6)11 vaccine {#sec0055}

Kim et al. \[[@ref047]\] evaluated the efficacy of AdPEDI-(Aβ1-6)11 vaccine in Mo/HuAPPswe PS1dE9 (*n* = 12) and C57BL/6 (*n* = 8) mouse ([Table 1](#adr-1-adr170025-t001){ref-type="table"}). The vaccine was formed by eleven tandem repeats of the Aβ1-6 gene in an adenoviral vector with a linking domain for the enterotoxin A from Pseudomonas (PEDI). All animals received nasally 20 mL of the vaccine ([Table 3](#adr-1-adr170025-t003){ref-type="table"}). This vaccine induced the production of IgG1 type antibodies, indicating a Th2 cellular immune response, that was able to react against the amyloid plaques and other Aβ species, reducing Aβ burden on mouse brains. Yet, it was capable of increasing IL-10 levels, suggesting that a Th2 response is controlled by IL-10 since this cytokine inhibits dendritic cells that are responsible for Th1 cellular immune responses ([Table 5](#adr-1-adr170025-t005){ref-type="table"}) \[[@ref047]\].

A Th2 immune response that induces anti-inflammatory cytokine production (e.g., IL-4, IL-10) is required in neurodegenerative diseases like AD because it prevents cerebral damages caused by pro-inflammatory cytokines. This type of response can be gained by Th2 agonists or adjuvants. A Th1/Th2 response will, most likely, lead to cell death, whereas Th2 immunity will lead to protective non-cytolitic antibodies production, isotype shifts and inhibition of Th1 cells route \[[@ref054]\]. Still, T CD4+ cells with Th1 cytokine profile support a systemic inflammatory response, which is very useful against infections and tumors, but not for degenerative diseases \[[@ref054]\].

### rSev-Aβ vaccine {#sec0060}

Hara et al. \[[@ref023]\] used the recombinant virus vector Sendai (Sev) with the LacZ-cDNA gene to develop a new DNA vaccine (rSev-LacZ) consisting of a cDNA from the Aβ1-43 gene and a cDNA from the interleukin-10 from mice ([Table 1](#adr-1-adr170025-t001){ref-type="table"}). The vaccine was tested in 12 to 24 month-old Tg2576 mouse who received 0.02 mL of rSev-LacZ ([Table 3](#adr-1-adr170025-t003){ref-type="table"}) \[[@ref023]\]. The results showed a decrease of the soluble and insoluble fractions of Aβ and a reduction of its oligomers in the animal's brain, and yet, there was an improvement of their cognitive skills. This immunotherapy might be considered as an alternative for the treatment of AD due to its advantages of being safe, relatively long-lasting, and non-invasive. Also, demonstrated that the nasal vaccine was effective in inducing the production of therapeutics antibodies \[[@ref023]\] ([Table 5](#adr-1-adr170025-t005){ref-type="table"}).

Viral vectors have the advantage of being effective in, mostly, only one injection and dissipate easily through the cells \[[@ref062]\], however they are originated from pathogens, thus, presenting risks of mutation and enabling by the complement system, besides being non-indicated to immunosuppressed individuals \[[@ref063]\], needing to be used carefully. The Sendai virus is a parainfluenza virus (PIV) murine and presents a certain similarity to the human PIV, therefore was tested as a xenotropic vaccine in *African green* monkeys and human beings, not showing significant adverse reactions \[[@ref064]\]. The safety of the Sendai Virus is still being established, in their study, Hara et al. \[[@ref023]\] did not demonstrate any adverse reaction. Other studies have been evaluating the virus capacity to induce the production of pluripotent cells from peripheral human T cells \[[@ref065]\] and its potential for treating cancer \[[@ref066]\].

### AAV-Aβ {#sec0065}

Mouri et al. \[[@ref026]\] evaluated the action of a recombinant adenovirus associated to an adenovirus (AAV-Aβ) with a cDNA from the Aβ1-43 gene, utilizing the pTRUF2 plasmid in non-transgenic female (*n* = 28) and Tg2576 (*n* = 28) mouse ([Table 1](#adr-1-adr170025-t001){ref-type="table"}). A single dose of this vaccine was able to improve cognitive functions and decrease soluble and insoluble deposits and Aβ oligomers, without microhemorrhages or leucocyte infiltration. Yet, attenuating histological and cognitive abnormalities, proving to be a safe and effective immunotherapy for AD ([Table 5](#adr-1-adr170025-t005){ref-type="table"}) \[[@ref026]\].

To better improve Aβ therapy, Hara et al. \[[@ref067]\] investigated the efficacy of the oral vaccine rAAV/Aβ (Aβ1-43 cDNA) in *Cynomolgus* (*n* = 10) and *African green* (*n* = 12) monkeys. The results showed a significant decrease of amyloid plaques and intracellular Aβ in the brain without side effects (e.g., inflammation and cerebral microhemorrhages). However, there was an increase of soluble and insoluble Aβ oligomers, demonstrating that this vaccine seems safe, but should be used carefully. rAAV/Aβ can be recommended in the early stages of AD, while there are only a few amount of Aβ deposits \[[@ref067]\].

### Vacina Aβ-CoreS {#sec0070}

Olkhanud et al. \[[@ref029]\] combined the surface antigen of the hepatitis B virus (HBsAg) with the Aβ1-11 gene, creating the DNA Aβ-CoreS vaccine which was inserted in the mammalian vector pVAX1 and analyzed in BALB/C, C57BL/6 and 3xTg-AD mouse ([Table 1](#adr-1-adr170025-t001){ref-type="table"}). These animals had a decrease in cerebral amyloid plaques, high titers of antibodies, improvement of cognitive functions and longer life-span. The study proposed that the vaccine against the Aβ1-11 gene can be used effectively and safely to tackle alterations generated by AD and be beneficial to patients with the disease ([Table 5](#adr-1-adr170025-t005){ref-type="table"}) \[[@ref029]\].

In many countries, as Brazil, the immunization against the hepatitis B virus (HBV) is preconized. This procedure leads to the development of antibodies and T and B memory cells that protect individuals in case of exposure to the HBV. It is believed that using boosts containing conventional HBV epitopes (e.g., HBsAg) as a strong molecular adjuvant, might be sufficient for the rapid activation of pre-existing memory cells, resulting in a strong production of anti-Aβ antibodies in the elderly, and also increasing their defense against the formation of Aβ plaques \[[@ref068]\].

### K-Aβ, IgL-Aβ, and Aβ-Fc vaccines {#sec0075}

Okura et al. \[[@ref027]\] developed three DNA vaccine (K-Aβ, IgL-Aβ, and Aβ-Fc) and tested them in three and four-month-old Tg-APP23 mouse; each animal received a 100μg DNA injection ([Tables 1](#adr-1-adr170025-t001){ref-type="table"} and 3). K-Aβ was made from the insertion of the Kozak sequence at the 5' terminal of the Aβ1-42 gene, while at the IgL-Aβ there was the addition of the signaling sequence Ig*κ* from mice at the 5' terminal from the Aβ1-42 gene as a way to improve the secretory efficacy of the Aβ peptide, and Aβ-Fc was developed by the insertion of the Fc portion of human immunoglobulin to the 3' terminal from the Aβ1-42 gene in order to stabilize the secretory protein. The expression vector used in all vaccines was the mammalian vector pTarget \[[@ref027]\].

IgL-Aβ and Aβ-Fc were able to decrease intra and extracellular amyloid plaques and increase anti-Aβ antibodies levels without neuroinflammation and T cell proliferation ([Table 5](#adr-1-adr170025-t005){ref-type="table"}) \[[@ref027]\]. These promising results lead Okura et al. \[[@ref028]\] to verify the mechanisms of Aβ decrease in Tg-APP23 mouse aged four to 15 months immunized with 100μg of IgL-Aβ or Aβ-Fc ([Tables 1](#adr-1-adr170025-t001){ref-type="table"} and [3](#adr-1-adr170025-t003){ref-type="table"}). From these results, it was possible to observe the production of antibodies that stimulated the activation of microglia, increasing its phagocytic activity on Aβ deposits, suggesting the important role of these cells in this peptide decrease after the immunotherapy with the DNA vaccine \[[@ref028]\]. Non-viral DNA vaccines are safe and highly effective in reducing amyloid plaques in mouse brain, being a possible therapeutically promise against AD ([Table 5](#adr-1-adr170025-t005){ref-type="table"}) \[[@ref027]\].

Although there is strong evidence that microglial activation favors AD's progression \[[@ref069]\], there was no such association in this study, due to the production of tumor necrosis factor (TNF), an important inflammatory cytokine that was not present in significant quantities; microglial phagocytosis was increased only to Aβ deposits and not other targets, avoiding unnecessary inflammatory reactions; use of immunoglobulin attached to the Aβ vaccine, which led to a Fc mediated phagocytosis specifically to Aβ plaques \[[@ref028]\].

### Aβ~42~ DNA Vaccine {#sec0080}

Qu et al. \[[@ref030]\] and Qu et al. \[[@ref032]\] evaluated a new immunization strategy using the Aβ gene (DNA Aβ~42~) in BALB/C, APPswe/PSEN1 and APPswe/PS1DE9 mouse ([Table 1](#adr-1-adr170025-t001){ref-type="table"}). The vaccine was developed with the Aβ~42~ gene, the secretory signaling sequence from the human *α*-antitrypisin and the major histocompatibility complex II (MHC-II). All animals present an efficient humoral immune response capable of decreasing the Aβ~42~ peptide in their brain without a significant cellular immune response ([Table 5](#adr-1-adr170025-t005){ref-type="table"}). From this vaccine, it was possible to verify the break-in host tolerance to the Aβ~42~ without adjuvants, and yet, inducing a Th2 immune response and decreasing amyloid plaques. This protocol is a potential candidate for clinical use in AD patients \[[@ref030]\].

Qu et al. \[[@ref031]\] compared three plasmid systems using an Aβ~42~ monomer and trimer along with the transcription yeast factor Gal4 (Gal4/UAS-Aβ42 monomer and Gal4/UAS-Aβ~42~ trimer) and a trimer with the cytomegalovirus (CMV) promoter as an attempt to increase antibodies titers (CMV-Aβ~42~) ([Table 1](#adr-1-adr170025-t001){ref-type="table"}). Four to seven-week-old female BALB/C mouse (*n* = 20) were used ([Tables 1](#adr-1-adr170025-t001){ref-type="table"} and 3). The Gal4/UAS-Aβ42 trimer system was able to induce high titers of IgG1 antibodies capable to identify amyloid plaques, being a possible therapeutic candidate for AD prevention ([Table 5](#adr-1-adr170025-t005){ref-type="table"}) \[[@ref031]\].

Besides Th2 cell activation and higher production of specific IgG1 for amyloid plaques, this vaccine increased the production of regulatory T cells (CD4+, CD25+, and FoxP3+) and IL-10, resulting in the downregulation of effective T cells (Th1 and Th17) \[[@ref071]\].

As seen in the prior study and many others present in this systematic review, the majority of animal models used are female, which can be considered a bias, since some studies show differences in efficacy related to a difference in hormonal concentration between genders \[[@ref072]\]. Llort et al. reviewed the differences in neuroimmunoendocrine pathways in AD's etiopathogenesis of male and female 3xTg-AD mice and showed that the impairments of aging in this pathway are more evident in male, which could be responsible for the increased morbidity and mortality of these animals \[[@ref074]\]. In many species, including humans, it is well established that females live longer than males, and a factor that can be involved in this is the levels of corticosteroids, which are more elevated in females. Estrogen has been suggested as the one responsible for female's higher immunocompetence and stronger antibodies and cellular immune responses \[[@ref072]\]. Suggesting that the differences in gender must be taking into account both in animal and human research when analyzing the pathology and therapeutic strategies for AD \[[@ref074]\].

Lambracht-Washington et al. \[[@ref033]\] evaluated the effects of an Aβ~42~ DNA trimer vaccine in *New Zealand* White rabbits (*n* = 16, four to five years old) and *Rhesus* monkeys (*n* = 8; six to ten years old), respectively. Both studies were composed of two vaccinated groups, a low and a high dose, in which each animal was immunized with 8 and 16μg of the vaccine by *gene gun,* the rabbits received a total of five doses, meanwhile, the monkeys received six ([Tables 1](#adr-1-adr170025-t001){ref-type="table"} and [3](#adr-1-adr170025-t003){ref-type="table"}). The results from these studies were promising, both species presented high antibodies titers from IgG and IgA isotope, which might indicate a collaboration among them in removing the excess of amyloid from the brain, and neither species showed signs of an inflammatory cellular immune response \[[@ref033]\] ([Table 5](#adr-1-adr170025-t005){ref-type="table"}). Therefore, this vaccination protocol seems to be effective and safe in large mammals, suggesting a positive outcome for its use in AD's clinical trials. Another important result from Lambracht-Washington et al. was the absence of skin inflammation and irritation on the vaccination site of the rabbits, which suggests similar results in human skin since rabbit skin is a great mark for chemical agents and other stimuli that causes irritation \[[@ref033]\].

### AV-1980D vaccine {#sec0085}

Davtyan et al. reported the immunological and therapeutic potency of the first anti-tau DNA vaccine (AV-1980D) in female THY-Tau22 tg mice (*n* = 13; three-month-old) ([Table 1](#adr-1-adr170025-t001){ref-type="table"}) \[[@ref035]\]. AV-1980D consists of the Ig*κ*-chain signal sequence, three copies of the tau~2 - 18~ B cell epitope linked to the MultiTEP platform, the 2-18 amino acids target on the vaccine were chosen due to the presence of the phosphatase-activating domain (PAD), which is exposed during tau aggregation and is important in the polymerization of tau \[[@ref077]\]. The animals were separated into two groups, the control group (*n* = 7) and the vaccinated group (*n* = 6) and received an empty MultiTEP plasmid and 40μg of the vaccine seven times in different intervals, respectively ([Table 3](#adr-1-adr170025-t003){ref-type="table"}) \[[@ref035]\]. The immunized animals had high titers of anti-tau antibodies that reduced total tau accumulation and were able to recognized tangles in human AD brain tissue, indicating a possible alternative for AD's prevention and treatment ([Table 5](#adr-1-adr170025-t005){ref-type="table"}) \[[@ref035]\].

AD is characterized not only by the accumulation of Aβ inside the neurons but also by the hyperphosphorylation and aggregation of the tau protein inside these cells. In healthy cells, tau is important for the regulation and stabilization of the microtubules; however, neurodegenerative diseases lead to its conformational change, disassociation from the microtubules and self-aggregation \[[@ref078]\]. Also, these microtubules alterations harm the axonal transport of substances within the cells through the activation of a signaling cascade located in the PAD \[[@ref079]\]. Tau, alone, does not inhibit this transport, only when aggregated does it happened, most likely due to its conformational change and consequent exposure of PAD \[[@ref080]\], thus using this domain might bring great benefits for a vaccine-induced immune response.

DNA Vaccines with Adjuvants {#sec0090}
---------------------------

DNA vaccines lead to the synthesis of small quantities of high-affinity antibodies and, in order to improve this response, adjuvants can be used, preferably Th2 adjuvants that will induce a safe anti-inflammatory immune response, at the same time as it inhibits Th1 and Th17 responses \[[@ref081]\]. Adjuvants can regulate the type of generated immune response against immunogenic substances containing Aβ, altering to a Th1 (pro-inflammatory) or Th2 (anti-inflammatory) response, possibly important to avoid adverse reactions due to high quantities of cytokines and chemokines. In addition, it becomes important the determination of antibody isotope in response to the vaccine. This isotope determines the various types of effector functions (complement system activation or macrophages activation from Fc receptors) that can be induced when the antibody connects with its target and form immunocomplexes \[[@ref068]\]. In this review, the adjuvants utilized were: simvastatin \[[@ref037]\], *Escherichia coli* thermolabile enterotoxin \[[@ref036]\], C3d component \[[@ref038]\], CpG sequence \[[@ref041]\], and macrophage-derived chemokine (MDC) \[[@ref039]\].

### Simvastatin {#sec0095}

Kou et al. \[[@ref037]\] evaluated the efficacy of a DNA vaccine with simvastatin, a drug effective in reducing cardiovascular diseases morbidities. In this study, the simvastatin was conjugated with the Aβ1-6 gene and inserted in the pCA-PEDI(Aβ1-6)11 plasmid, and tested in Tg-APPswe/PSQdE9 mice (*n* = 53, 22 months old); all vaccinated animals received an adenovirus boost (AdPEDI-(Aβ1-6)11) and 50μg of Aβ-KLH, an immunostimulatory carrier protein associated with the Aβ1-8 gene ([Tables 2](#adr-1-adr170025-t002){ref-type="table"} and [4](#adr-1-adr170025-t004){ref-type="table"}). This immunization regime induced moderate antibodies titers that was able to increase the solubility of amyloid plaques, however not significantly \[[@ref037]\]. This may have happened due to the 'specific-epitope suppression phenomenon' induced by the carrier (CIESS) \[[@ref083]\], a phenomenon in which antibodies that were supposed to act against the Aβ protein, are actually competing with antibodies against the carrier protein \[[@ref084]\].

After stimulating the synthesis of IL-10 and promoting a Th2 cellular immune response, at the same time as it inhibited a CD45+ cell invasion (phagocytic microglia of Aβ protein activated by the vaccination), simvastatin proved to be efficient in preventing a exacerbated immune response when associated with the DNA vaccine, therefore being a great adjuvant \[[@ref037]\] ([Table 6](#adr-1-adr170025-t006){ref-type="table"}).

###### 

Results, bias, and conclusion of DNA vaccine studies with adjuvants and boosts for Alzheimer's disease in animal models

  Reference
  --------------------------------------------
  Davtyan et al., \[[@ref045]\]
  Davtyan et al., \[[@ref036]\]
  Guo et al., \[[@ref042]\]
  Kim et al., \[[@ref024]\]
  Kou et al., \[[@ref037]\]
  Lambracht-Washington et al., \[[@ref043]\]
  Lambracht-Washington et al., \[[@ref046]\]
  Lambracht-Washington et al., \[[@ref048]\]
  Movsesyana et al., \[[@ref038]\]
  Movsesyana et al., \[[@ref039]\]
  Movsesyana et al., \[[@ref040]\]
  Schultz et al., \[[@ref044]\]
  Xing et al., \[[@ref041]\]

LT-IS, immunostimulatory patches with *Escherichia coli* thermolabile enterotoxin; IFN-*λ*, interferon gamma; Ig, immunoglobulin; AD, Alzheimer's disease.

### Escherichia coli thermolabile enterotoxin {#sec0100}

Davtyan et al. \[[@ref036]\] evaluated if patches with the *Escherichia coli* thermolabile enterotoxin (LT-IS) could increase the efficacy of DepVac (pCMVE/MDC-3Aβ11-PADRE, constructed with the Aβ1-11 gene inserted in the mammalian expression plasmid pCMVE-Aβ/MDC) and PepVac (MDC-3Aβ11-PADRE consisted of three copies of B cell epitopes of the Aβ1-12 gene and two copies of Th cell epitopes from the tetanus toxin) in C57BL/6, B6SJL, 3xTg-AD and Tg2576 mice ([Table 2](#adr-1-adr170025-t002){ref-type="table"}). All animals who received the LT-IS had their immune responses significantly enhanced followed by the production of specific antibodies and T cells, demonstrating that the patches increased the amplitude of anti-Aβ antibodies, thus improving the immunization protocol of the DNA and protein vaccines \[[@ref036]\] ([Table 6](#adr-1-adr170025-t006){ref-type="table"}).

Moreover, a group of animals received Alhdrogel^ ®^, an alum-based adjuvant, so that the difference between it and the LT-IS could be evaluated. Alum (potassium and aluminum sulfate) is the only approved adjuvant for humans vaccines use, even though it is not considered highly effective and has low efficacy when used in the elderly population \[[@ref082]\]. Alum has been used to prevent a mix immune response (Th1/Th2) however its low activity did not improve the efficacy of vaccines in animals and elderly \[[@ref085]\]. Another concern is its increase neurotoxicity due to its cerebral translocation and persistence \[[@ref085]\]. Therefore, it should be carefully applied in order to avoid the unnecessary usage and consequent adverse reactions.

### C3d complement {#sec0105}

Guo et al. \[[@ref042]\], Movsessyan et al. \[[@ref038]\], and Movsessyan et al. \[[@ref040]\] used the molecular adjuvant C3d complement in their DNA vaccine design. Guo et al. \[[@ref042]\] used eight to ten-month female C57BL/6J and twelve-month transgenic mice immunized with p(Aβ3-10)10-C3d-p28.3, vaccine developed with ten tandem repeats of human Aβ3-10 gene and three tandem repeats of cDNA from the C3d-p28 mice gene ([Table 4](#adr-1-adr170025-t004){ref-type="table"}) \[[@ref042]\]. The DNA vaccine was able to induce high IgG1 antibodies titles that were capable of strongly connecting to the amyloid plaques, suggesting a Th2 immune cell response, leading to a more efficient removal of cerebral amyloid plaques without causing an excessive inflammatory response. Thus, this vaccine may be a new safe and effective candidate for AD's immunotherapy ([Table 6](#adr-1-adr170025-t006){ref-type="table"}) \[[@ref042]\].

Another DNA vaccine studied was the 3Aβ1-11-PADRE (3Aβ1-11-PADRE-3C3d) which contains the Aβ1-11 gene inserted in the pSecTag2A mammalian expression vector \[[@ref038]\]. Movsessyan et al. \[[@ref038]\] tested this vaccine in C57BL/6 mice (*n* = 15, aged between eight and ten weeks). All animals presented great cellular and humoral immune responses which were shifted to the Th2 phenotype, therefore a non-inflammatory immune response \[[@ref038]\]. Tg2576 mice were analyzed by Movsessyan et al. \[[@ref040]\], however the animals presented a low immune response, demonstrating that low concentrations of antibodies were not enough to reduce amyloid plaques in their brains and the number of antibodies must be essential to improve the AD pathology ([Table 6](#adr-1-adr170025-t006){ref-type="table"}) \[[@ref040]\].

C3d complement is an adjuvant with the potential to induce B cell response against a specific antigen from the vaccine \[[@ref086]\]. The C3d fragment connects with the receptor 2 from the complement (CD21), inducing the antigenic recognition and, consequently, the innate and adaptive immunity \[[@ref086]\]. This connection, alongside the linkage with the B lymphocyte antigen receptor (BCR), increases the antigenic recognition strength and induces a strong specific activation of B lymphocytes \[[@ref086]\]. For these reasons, this fragment is one of the most promising adjuvants to be used in vaccines.

### CpG sequence {#sec0110}

Xing et al. \[[@ref041]\] developed a DNA vaccine (p(Aβ~3 - 10~)~10~-CpG) using the CpG adjuvant (immunostimulatory sequence from the bacterial DNA) and ten tandem repeats of the Aβ3-10 gene inserted in the eukaryotic expression vector pcDNA3.1(+). BALB/c (*n* = 24, eight weeks old) mice were inoculated with 100μg of the vaccine in each immunization protocol ([Tables 2](#adr-1-adr170025-t002){ref-type="table"} and [4](#adr-1-adr170025-t004){ref-type="table"}). The animals produced IgG1 isotope antibodies, indicating a Th2 immune cellular response with minor chances of an inflammatory reaction, that is, the vaccine seems to be non-inflammatory and, therefore, a safe therapy for AD's treatment \[[@ref041]\] ([Table 6](#adr-1-adr170025-t006){ref-type="table"}).

CpG adjuvant is involved with promoters of DNA ribosomal methylation in human brains. This activity promotes an antigenic recognition and a target immune response to this antigen. Thus, Pietrzak et al. \[[@ref087]\] evaluated the methylation capacity in human brains and verified that CpG promoted a co-methylation highly amplified, but not equally methylated. These modifications can determine the rDNA human transcription, being a regulatory influence for rDNA \[[@ref087]\]. Piaceri et al. \[[@ref088]\] evaluated 708 autopsied brains as to DNA methylation related to Alzheimer, and found an association between CpG and ANK1, CDH23, DIP2A, RHBDF2, RPL13, SERPINF1, and SERPINF2 genes, suggesting that DNA methylation might have an important role on the beginning of AD once researchers observed a genetic susceptibility for AD and pre-symptomatic individuals \[[@ref088]\].

Antigen-presenting cell (APC) recognize strange DNA by its connection with *Toll-like* receptors (TLRs) and, as consequence, there is a release of cytokines that stimulate an acquired immune response \[[@ref089]\]. CpG effects are influenced by antigen presence and DNA release \[[@ref090]\]. These genetic sequences may be present in recombinant plasmids in order to increase vaccine effectiveness \[[@ref089]\]. There are controversies on CpG effectiveness as an adjuvant because it has not always shown improvements in immune response. However, there are results that demonstrate an increase in vaccine immunogenicity when used as plasmid adjuvant \[[@ref092]\].

### Macrophage-derived chemokine (MDC) {#sec0115}

Movsessyan et al. \[[@ref039]\] studied the effects of the DNA vaccine pMDC-3Aβ1-11-PADRE in 3xTg-AD (*n* = 23, three and four-month-old) mice. The vaccine was made by the insertion of Aβ1-11 gene in a mammalian expression vector (pCMVE-Aβ/MDC). The vaccine induced a Th2 immune cellular response that was able to stimulate high titers of antibodies capable of diminishing amyloid plaques and reduce glial cell activation without any behavioral deficits and increased adverse effects. The authors suggested that more studies must be conducted in bigger animals \[[@ref039]\] ([Table 6](#adr-1-adr170025-t006){ref-type="table"}). Microglial cells and genetic associations have been strongly implicated in AD's pathology, APOE, TREM2, CD33 and other polymorphisms genes modified the risks for AD and might be considered targets for therapeutic interventions. These are the first cells in an immune response, and from Fc receptor mediation, they facilitate antibodies functions. They are also involved in complement signaling proteins, antigen presentation, lysosomal degradation, ROS generation, therefore increasing AD's progression \[[@ref069]\]. Thus, vaccines that inhibit glial cells activation are a good strategy to reduce or prevent AD.

Comparison between DNA and Protein Vaccines {#sec0120}
-------------------------------------------

Lambracht-Washington et al. \[[@ref043]\] compared the trimer DNA vaccine Aβ~42~ with human peptide Aβ~1 - 42~ and Quil A adjuvant. For this, they used female B6SJLF1/J mice aging from four to eight months ([Table 2](#adr-1-adr170025-t002){ref-type="table"}). A yeast transcription factor gene (GAL4) was used as an activator plasmid and as a responding plasmid, an expression binder for GAL4 to UAS gene was utilized \[[@ref043]\]. The animals were divided into two groups of eight animals each, one group received six DNA immunizations (4μg) with a gene gun and the other group was vaccinated six times with the peptide vaccine (100μg) \[[@ref043]\] ([Table 4](#adr-1-adr170025-t004){ref-type="table"}). Despite the antibodies titers being lower in the animals who received the DNA vaccine, both groups showed a reduction on Aβ cerebral plaques, and those vaccinated with the Aβ~42~ DNA trimer presented IgG1 isotope antibodies. These isotopes demonstrate an activation of a Th2 immune response, which presents a lower probability of an inflammatory reaction. Therefore, its therapeutic potential must be considered, as this vaccine may be able to decrease AD's progression \[[@ref043]\] ([Table 6](#adr-1-adr170025-t006){ref-type="table"}).

Quil A is considered a Th1/Th2 adjuvant that can induce a strong systemic inflammatory reaction capable of dissipating through cytokine stimulation, this induced response by adjuvant cam increase an inflammatory reaction in the elderly \[[@ref054]\]. A Phase II study in Japan used the ACC-001 vaccine with the QS-21 adjuvant (fraction of Quil A) and saw small and moderates adverse reactions due to the adjuvant's inflammatory action in order to increase an anti-Aβ response \[[@ref054]\]. Another clinical trial also using this adjuvant was the AN1792 in which the patients presented meningoencephalitis as result of Th1 cell activation \[[@ref068]\].

It is known that there are quantitative and qualitative differences among DNA and protein vaccines immune reactions. On one hand, protein vaccine activated effector T cells, there is no stimulation for regulatory T cells, and on the other hand, DNA vaccines lead to an increase in regulatory T cell and IL-10 and a downregulation of effector T cell. This downregulation reduces, significantly, cytotoxic T cell migration to brain tissue, which was evident in AN1792 study \[[@ref068]\].

DNA Vaccines followed by a Booster {#sec0125}
----------------------------------

Knowing that DNA vaccines are capable of generating moderate antibody titers, the use of boosters through a subsequent immunization protocol may be helpful to induce a more effective immune response \[[@ref071]\]. In this revision, the boosters used were proteins, adenovirus, and antibodies.

### Protein boost {#sec0130}

Davtyan et al. \[[@ref045]\], Lambracht-Washington et al. \[[@ref046]\], and Shultz et al. \[[@ref044]\] studied different vaccination protocols with a DNA and protein vaccine. One of the regimens analyzed was made with female C57BL/6 mice, ages of five and six weeks, that received a DNA vaccine (DepVac or pCMVE/MDC-3Aβ11-PADRE, developed with the Aβ11 gene cloned from a mammalian expression vector and inserted into the expression *E. coli* plasmid pET11d/MDC-myc/6xHis) followed by a protein boost (PepVac or MDC-3Aβ11-PADRE, in which the recombinant protein was purified from BL21(DE3) *E. coli* cells and transformed by the pET11d/MDC-3Aβ11-PADRE plasmid) \[[@ref045]\] ([Table 4](#adr-1-adr170025-t004){ref-type="table"}). In another set of experiments, it was made a comparison between a protein boost (human peptide Aβ) after a DNA vaccine (Aβ~42~ trimer) and a DNA boost after a protein vaccine. For that, four to six months B6SJLF1/J mice were utilized \[[@ref046]\] ([Table 2](#adr-1-adr170025-t002){ref-type="table"}). The results obtained showed that the DNA vaccine prior to a protein boost protocol was more effective in mice since it generated high IgG1 antibodies titles with high avidity \[[@ref045]\] ([Table 6](#adr-1-adr170025-t006){ref-type="table"}). Lambracht-Washington et al. \[[@ref046]\], on the contrary, observed that a DNA boost after a protein vaccine presents safer results, seeing that there was not T cell activation and inflammatory cytokine production ([Table 6](#adr-1-adr170025-t006){ref-type="table"}).

Shultz et al. \[[@ref044]\] analyzed two immunization protocol, an active one using a DNA vaccine (pVR1012tPA-Aβ~42~) developed with the Aβ~42~ gene and an expression vector pVR1012-tPA, followed by a small dosage of a protein boost (Aβ~42~ peptide); and a passive one, in which the animals received the serum of previously vaccinated animals ([Table 4](#adr-1-adr170025-t004){ref-type="table"}). Animals actively immunized presented monoclonal IgG1 antibodies that were effective in the quick solubilization of amyloid plaques from passively immunized animals \[[@ref044]\]. These results suggest that a Th2 immune response can be important in preventing an autoimmune response in AD patients and that monoclonal antibodies can be studied as a therapeutic vaccine in the early stages of the disease ([Table 6](#adr-1-adr170025-t006){ref-type="table"}) \[[@ref044]\].

Passive immunization studies with anti-Aβ antibodies identified anti-Aβ antibodies presence and a great decrease in amyloid plaques on mice brains. The only adverse reactions observed were brain microhemorrhages in those who received higher doses of monoclonal antibodies \[[@ref093]\].

### Adenovirus boost {#sec0135}

Kim et al. \[[@ref024]\] evaluated the combination of a DNA vaccine (pCA-PEDI-(Aβ1-6)11) followed by an adenovirus boost (AdPEDI-(Aβ1-6)11) in female C57BL/6J mice (*n* = 21, two months old) ([Table 2](#adr-1-adr170025-t002){ref-type="table"}). The vaccine and the boost were developed with 11 tandem repeats of the Aβ1-6 gene, a cDNA and a domain for the Pseudomonas exotoxin A receptor (PEDI) \[[@ref024]\]. The animals presented high IgG1 antibodies titers with greater affinity for amyloid plaques, suggesting that a heterologous protocol may be effective in reducing Aβ burden in AD patients \[[@ref024]\] ([Table 6](#adr-1-adr170025-t006){ref-type="table"}).

Adenoviruses have been quite explored as vaccine vectors in the prevention of infectious diseases and cancer treatment, considering that they induce a Th1 profile response \[[@ref095]\]. However, when combined with Th2 cytokine, they are able to induce a Th2 immune response (81). Kim et al. \[[@ref024]\] concluded that nasally vaccinated animals with the AdPEDI-(Aβ1-6)11 adenovirus had an increase in IL-10 production, demonstrating that the adjuvant, the antigen, and the vaccine's delivery system contribute to cytokine production.

### Antibodies boost {#sec0140}

Lambracht-Washington and Rosenberg (2015) \[[@ref048]\] evaluated the action of the TNFRSF antibody, with the goal of stimulating regulatory T cells (Tregs), in association with a DNA Aβ~42~ vaccine, in BALB//c-Foxp3-EGFP mice ([Table 2](#adr-1-adr170025-t002){ref-type="table"}). The vaccine was developed using a two-plasmid system, an activator which had the Gal4 transcription gene, and a responder which had three copies of the Aβ~1 - 42~ human gene \[[@ref048]\]. Vaccinated animals presented a Th2 cellular immune response that produces IL-4, an important cytokine on the production of new Tregs (CD4+ CD25+ Foxp3+). These cells are associated with an increase of IL-10, a cytokine involved in the decrease of T cells, therefore, this vaccination protocol induced a non-inflammatory (Th2) response with high antibodies titers and, the antibody boost was able to amplify Tregs activities \[[@ref048]\] ([Table 6](#adr-1-adr170025-t006){ref-type="table"}).

In humans, monoclonal antibodies and protein vaccines have already made into clinical trials. Solanezumab, a monoclonal antibody, is in Phase III studies and has presented beneficial effects on moderate levels of AD \[[@ref096]\] yet, passive immunization presents a very high cost, suggesting that an active protocol would be more accessible for the population. Protein vaccines have been analyzed in Phase II studies \[[@ref097]\], but they have not reached the expected results and have presented adverse reactions. Another vaccine that got into a Phase I clinical trial, was conjugated with the tau protein and presented a safe and effective profile \[[@ref099]\]. DNA vaccines, however, have limitations in clinical trials due to the low delivery rate of DNA to the host cells \[[@ref100]\].

DNA vaccines have been highly investigated in the past two decades in small and medium-sized animal models (e.g., mice, rabbits, and monkeys) and some presented positive outcomes, however, when applied to humans, its low immunogenicity poses the biggest issue when compared to other strategies (protein vaccines). To the best of our knowledge, there are no clinical trials on DNA vaccines in humans. Although, protein vaccines with or without adjuvants have shown promising effects, but clinical trials are still in Phase I and II and have presented numerous biases and adverse effects. Novak et al. tested AADvac1 in a Phase I clinical trial, and observed a favorable safety profile and excellent immunogenicity in the first-in-man study, however, further studies are needed \[[@ref101]\]. Pasquier et al. and Arai et al. tested vanutide cridificar (ACC-001) and the QS-21 adjuvant in a Phase II clinical trial, the results had acceptable safety profile in patients with mild to moderate AD and more investigations with anti-Aβ vaccines therapy are required \[[@ref098]\]. Thus, the small number of clinical trials make room for research on protein and DNA vaccines for the discovery of new therapies for AD, and becoming a promising scientific and technological field.

In order to overcome the immunogenicity problem, strategies using conventional and molecular adjuvants and boosters have been tested. Even though many vaccines in this review did not use these strategies, their results were also promising. The most investigated vaccine was Aβ~42~ DNA, presenting favorable results in mice, rabbits, and monkeys with and without adjuvants, and followed by or prior to a protein boost. In addition, only one study did not target the Aβ gene, but the tau protein one that also presented great effectiveness. After analyzing the efficacy and safety of the vaccines presented, it is established that DNA vaccines for AD must induce a Th2 immune response (e.g., generate IgG1 isotope antibodies and anti-inflammatory cytokines) and not exacerbate Th1 and Th17 immune responses, respectively. Most studies did not present adverse reactions similar to the ones seeing in protein vaccines studies (e.g., hemorrhages and meningoencephalitis). However, a better investigation of this factor must be developed, since the studies presented here did not explore it deeply.

Taking into consideration that animal models' studies do not guarantee a safe and effective translocation for clinical trials, they are still of major importance and must be performed. As presented in the current review, the results of DNA vaccines targeting the Aβ and the tau protein with or without adjuvants and boosters were promising to be tested in patients with AD.
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